S U M M A R Y Secreted protein acidic and rich in cysteine (SPARC)/osteonectin is expressed in different tissues during remodeling and repair, suggesting a function in regeneration. Several gene expression studies indicated that SPARC was expressed in response to muscle damage. Studies on myoblasts further indicated a function of SPARC in skeletal muscle. We therefore found it of interest to study SPARC expression in human skeletal muscle during development and in biopsies from Duchenne and Becker muscular dystrophy and congenital muscular dystrophy, congenital myopathy, inclusion body myositis, and polymyositis patients to analyze SPARC expression in a selected range of inherited and idiopathic muscle wasting diseases. SPARC-positive cells were observed both in fetal and neonatal muscle, and in addition, fetal myofibers were observed to express SPARC at the age of 15-16 weeks. SPARC protein was detected in the majority of analyzed muscle biopsies (23 of 24), mainly in mononuclear cells of which few were pax7 positive. Myotubes and regenerating myofibers also expressed SPARC. The expression-degree seemed to reflect the severity of the lesion. In accordance with these in vivo findings, primary human-derived satellite cells were found to express SPARC both during proliferation and differentiation in vitro. In conclusion, this study shows SPARC expression both during muscle development and in regenerating muscle. The expression is detected both in satellite cells/myoblasts and in myotubes and muscle fibers, indicating a role for SPARC in the skeletal muscle compartment.
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Secreted protein acidic and rich in cysteine (SPARC), also known as osteonectin and BM-40, is a multifunctional matricellular protein of 43 kDa associated with the ECM and expressed abundantly in basal lamina. SPARC specifically binds several ECM molecules in-cluding collagens I to V and is involved in modulation of cell-matrix interactions where SPARC can participate in the organization of both connective tissue and the basal lamina. SPARC also regulates the production and deposition of several ECM proteins but does not contribute significantly to the structural integrity of the ECM (Lane and Sage 1994; Brekken and Sage 2001) .
Expression of SPARC has been associated with a number of biological functions including cancer biology, fibrosis, and wound healing/injury. Tumor growth has been reported to be increased in SPARC-null mice, and it was suggested this was caused by changes both in deposition and organization of the ECM (Brekken et al. 2003; Puolakkainen et al. 2004 ). However, SPARC has also been associated with neoplastic progression of human melanoma (Ledda et al. 1997a) and SPARC has been shown to induce migration of tumor cells and increase tumor angiogenesis in vivo (Kunigal et al. 2006) , whereas antisense inhibition of SPARC inhibits invasiveness and thus tumorigenicity of human melanoma cells (Ledda et al. 1997b ). However, SPARC has been shown to induce deadhesion, and SPARC-null mice show both enhanced wound closure and increased cellular invasion of subcutaneous sponges, suggesting that SPARC is an inhibitor of migration (Bradshaw et al. ,2002 , which is in contrast to the suggested function in malign tumors.
SPARC-null mice also show decreased size of collagen fibrils (Bradshaw et al. 2003b ) and decreased pulmonary fibrosis (Strandjord et al. 1999) , whereas SPARC expression is correlated with fibrotic disorders (Kuhn and Mason 1995; Pichler et al. 1996) .
SPARC is expressed in several organs during embryonic development and has been observed in areas of bone and muscle formation (Holland et al. 1987; Sage et al. 1989a; Mothe and Brown 2001) . Eradication of the SPARC homolog from Xenopus laevis embryos (Purcell et al. 1993 ) and overexpression of the SPARC homolog in Caenorhabditis elegans (Schwarzbauer and Spencer 1993) results in defects during development and affects the motility, suggesting that a normal regulated expression of SPARC is necessary for a normal development of the musculoskeletal system in invertebrates. SPARC-null mice seem to develop normally without any muscle defects instead these mice display severe cataracts (Gilmour et al. 1998 ) and compromised bone mass formation and remodeling but with increased tendency to form adipocytes (Delany et al. 2003) . This indicates that an alternative, compensatory mechanism could exist in vertebrates or SPARC plays different roles depending on the species.
In vitro studies have shown that SPARC gene expression is upregulated during myoblast differentiation in C2C12 cells and inhibition of SPARC in these cells prevents differentiation (Cho et al. 2000) . Moreover, ad-dition of SPARC protein to MM14 myoblasts promotes differentiation of these cells (Motamed et al. 2003) .
SPARC as a regulator of cell/ECM interaction during development and in response to tissue injury is observed in different organs, e.g., in the gut (Lussier et al. 2001 ) and during liver fibrosis (Blazejewski et al. 1997) . A possible role for SPARC in muscle regeneration is indicated by several microarray studies on gene expression in Duchenne muscular dystrophy (DMD) and a-sarcoglycan deficiency (limb girdle muscular dystrophy type 2D) (Chen et al. 2000; Haslett et al. 2002; Noguchi et al. 2003 ). Furthermore, a study in porcine muscle showed upregulation of SPARC during regeneration after induced injury (Ferre et al. 2007) .
Based on the observed effects of SPARC on proliferation, migration, and differentiation and its presence in diseased muscle, the aim of this study was to determine whether SPARC is generally involved in human myogenic processes. We studied the extent and sites of SPARC expression during fetal myogenesis, in normal and diseased skeletal muscle, and during differentiation of primary isolated satellite cells.
Materials and Methods

Muscle Biopsies
Muscle biopsies were obtained from patients diagnosed with Duchenne muscular dystrophy (n54), Becker muscular dystrophy (BMD; n53), congenital myopathy (n59), congenital muscular dystrophy (n54), and inflammatory myopathy (inclusion body myositis and polymyositis, n54). Normal human quadriceps muscle biopsies were obtained from men with a suspicion of musculoskeletal disorders but where the biopsy showed no muscle or nerve pathology (age, 20-24 years; n5 3). All biopsies were obtained and used after informed consent according to the guidelines of and permission from the Regional Ethics Committee for Southern Denmark 15879.
Fetal and Neonatal Tissue
Fetal and neonatal tissue was obtained during autopsy of aborted fetuses 15 (n52), 16 (n51), 20 (n54), 22 (n52), and 23 (n51) weeks of age or of premature infant deaths (neonatal, 3 months; n52). None of the biopsies showed musculoskeletal or central nervous system (CNS) pathology, and all were from the tissue archive from the Department of Clinical Pathology, Odense University Hospital. All biopsies were obtained and used according to the guidelines of and permission from the Regional Ethics Committee for Southern Denmark 15879.
Isolation and Culture of Human Satellite Cells
Mononuclear muscle cells were isolated separately from each healthy muscle biopsy (n53). Briefly, mus-cles were dissected to remove connective and adipose tissue. Remaining muscle was minced and enzymatically treated for 40-60 min (37C) with 0.3% collagenase II (Worthington; Medinova Scientific, Glostrup, Denmark). Myofiber-associated and interstitial cells were released by gentle trituration of the digested muscle tissue, and a single cell suspension was obtained by serially filtering the cell samples through 100-and 40-mm cell strainers. To reduce the number of fibroblasts, preplating was performed for 20 min at 37C, and non-adherent cells were harvested and expanded in culture for further analysis.
Isolated cells were seeded on ECM gel (Sigma-Aldrich; Brøndby, Denmark)-coated dishes and initially cultured in growth medium consisting of a 1:1 mixture of DMEM/25 mM HEPES (Invitrogen; Taastrup, Denmark) and DMEM/glutamax (Invitrogen) supplemented with antibiotics (50 U/ml penicillin and 50 mg/ml streptomycin) and 10% FCS (Invitrogen). Cells were cultured at 37C with 5% CO 2 in a humidified chamber, and after the first passage, the serum concentration was reduced to 2%, and 2% Ultroser G (Sigma-Aldrich) was added to keep the cells in a proliferative state. The medium was changed every 3-4 days. Subculturing and preplating (15 min) was performed 12-14 d after initial plating and repeated when cells reached 60-70% confluence.
For differentiation studies, proliferating cells were cultured to ?90% confluence in growth medium before insulin (25 rM) was added to the medium to induce myofiber formation. Medium was hereafter changed every other day.
Immunocytochemistry and IHC
All muscle biopsies and samples were fixated overnight in 4% normal buffered formaldehyde (NBF), embedded in paraffin, sectioned at 4 mm, and mounted on glass slides. Tissue sections were deparaffinized by 10-min immersion in xylene, followed by 10-min rehydration in 99% ethanol. The tissue sections were incubated with 0.5% H 2 O 2 in methanol to block endogenous peroxidase activity. Antigen retrieval was performed by heating slides at 100C in TEG buffer (10 mM Tris/0.5 mM EGTA, pH 9.0) for 15 min. The tissue sections were incubated after antigen retrieval with mouse anti-human SPARC 1:100 (NCL-O-NECTIN; clone 15G12, NovoCastra, Newcastle Upon Tyne, UK) for 60 min and detected using the EnVision 1 system (Dako; Glostrup, Denmark). Nuclei were counterstained with Mayer's hematoxylin. For double staining of tissue sections, mouse anti-chicken Pax7 (Developmental Studies Hybridoma Bank; Iowa City, IA) was added 1:200 overnight at 4C after the antigen retrieval step followed by detection using the EnVision 1 system, and mouse-antihuman SPARC antibody was added and detected using the EnVision 1 system. Human myoblasts were cultured on ECM gel-coated coverslips and induced to differentiate. At given time points, coverslips (n512) were harvested, gently washed (33) in TBS (pH 7.4), and mounted on glass slides. To detect SPARC, cells were fixated in 4% normalbuffered formaldehyde for 15 min, followed by 10 min in 96% ethanol and a heat-induced antigen retrieval step. Here, glass coverslips with short-term fixated cells were heated in TEG buffer at 95C for 15 min. Cells were incubated with mouse anti-human SPARC as described for tissue sections. For staining of cells with neural cell adhesion molecule (NCAM) and desmin, cells were fixated for 10 min in 100% acetone, followed by addition of mouse-anti-NCAM (Leu19; BD Biosciences, Brondby, Denmark) 1:50 or mouse-anti-desmin (Dako) 1:25 for 60 min. All primary antibodies were detected with the EnVision 1 system.
For all antibody stainings both on tissue sections and cells, negative controls with omission of the primary antibody were performed.
Western Blotting
Proliferating human muscle-derived cells (p5) were gently detached and washed twice in ice-cold PBS (pH 7.4). Total protein extracts were prepared by briefly sonicating cells on ice in RIPA lysis buffer (Sigma-Aldrich) containing a mixture of protease inhibitors (Complete mini; Roche, Hvidovre, Denmark). The lysate was centrifuged (15 min, 12,000 3 g, 4C), and the supernatant was stored at 280C until use.
For Western blot analysis, protein samples were separated by SDS-PAGE (NuPAGE 4-12% gels; Invitrogen) and transferred onto PVDF membranes. Membranes were blocked in PBS/0.05% Tween 20/0.5%BSA for 15 min at room temperature and incubated overnight at 4C with mouse anti-human SPARC antibody (NCL-O-NECTIN; clone 15G12, NovoCastra) diluted 1:50 in PBS/0.05% Tween 20 (washing buffer). After wash (33), membranes were incubated for 1 hr at room temperature with rabbit anti-mouse Ig (Dako) diluted 1:1000 in washing buffer, washed three times, and visualized using standard protocol for 3-amino-9-ethylcarbazole color development.
RT-PCR
Proliferating human myoblasts were cultured to ?90% confluence and induced to differentiate as described above. At given time points (after 4, 5, 7, 9, 10 , and 13 days in culture), total RNA was isolated from each cell sample using TRIzol Reagent (Invitrogen) according to the manufacturer's instructions. Using the Super-Script III First-Strand Synthesis System (Invitrogen), each cDNA sample was generated from 400 ng of total RNA using random hexamer primers: SPARC forward, 5′-GAGGTGACTGAGGTATCTGTGGGA-3′; SPARC reverse, 5′-GGTCAGCTCAGAGTCCAGGCAAGG-3′; Gapdh forward, 5′-GTCGTATTGGGCGCC-T G G T C AC -3 ′ ; G apdh r eve rse , 5 ′ -T G AT G A -CAAGCTTCCCGTTCTC-3′; 18s rRNA forward, 5′-CTGCAGTTAAAAAGCTCGTAGTTG 3′; 18s rRNA reverse, 5′-AACCGCGGTCCTATTCCATTATT-3′.
PCR reactions were run in 20 ml volume: 20 ng cDNA sample, 2 ml Taq 103 PCR buffer (Sigma-Aldrich), 0.2 ml Taq DNA polymerase (Sigma-Aldrich), 200 mM dNTP (Sigma-Aldrich), and 10 pmol of each primer. To the SPARC PCR reaction 1.5 M betaine was added as an enhancing agent to facilitate strand separation by equalizing the melting temperature of the individual base pairs in the template DNA (Sigma-Aldrich). Cycling conditions were initial denaturing at 94C for 30 sec, followed by 35 cycles of 94C for 30 sec, 60C for 30 sec, 72C for 30 sec, and final elongation at 72C for 7 min.
PCR products were separated on a 1% agarose gel and visualized by ethidium bromide staining. All PCR products were extracted from the gel using a PCR clean up and gel extraction kit (NucleoSpin; Macherey-Nagel, AH Diagnostics, Aarhus, Denmark) and sequenced for verification using the BigDye Terminator v1.1 Cycle Sequencing Kit (Applied Biosystems; Foster City, CA) (data not shown).
SPARC mRNA expression at each time point was quantified using Quantity One Software (BioRad Laboratories; Copenhagen, Denmark) and normalized to the mRNA expression of Gapdh and 18s rRNA. The use of Gapdh mRNA and 18s rRNA was validated by a geNorm analysis of reference gene stability (Vandesompele et al. 2002) . The normalized data for SPARC mRNA were calculated as fold expression to day 4 in culture (proliferation conditions; n52).
Results
SPARC Expression During Normal Skeletal Muscle Development
In skeletal muscle from fetuses 15 weeks of age, SPARC was present both in the forming myotubes ( Figure 1A , arrows) and in the mononuclear cells located along the myotubes (Figure 1A, arrowheads) . However, 5-8 weeks later, at a fetal age of 20-23 weeks, SPARC expression was almost restricted to the mononuclear cells ( Figure 1B, arrowheads) . This change corresponded to the transition from myotubes with central nuclei to muscle fibers with peripherally situated nuclei. In neonatal muscle, SPARC expression was observed in a few mononuclear cells located adjacent to myofibers (Figure 1C, arrowhead) , and a slight expression in sparse myofiber could still be detected ( Figure 1C, arrow) . In normal adult skeletal muscle, SPARC was expressed by a few mononuclear cells. (Figure 1D, arrowhead) . Thus, SPARC seems to be highly expressed initially during fetal muscle development, whereas the expression decreases as the muscles mature.
The SPARC-positive mononuclear cells were found both adjacent to fibers (Figure 1 ) and in the connective tissue in the fetal samples (data not shown). Throughout the period studied from fetal week 15 to postnatal month 3, the staining intensity of the individual cells appeared uniform, whereas the number of stained cells decreased, and the expression in the myotubes decreased. In addition, SPARC expression was observed in endothelial cells throughout development (data not shown).
SPARC in Primary Isolated Human Satellite Cells
Primary isolated human satellite cells (hSCs) were expanded in vitro and induced to form myotubes by addition of insulin. The myogenic origin of the hSCs after isolation was confirmed by immunocytochemical (ICC) staining for NCAM (CD56) and desmin. NCAM is known as a satellite cell marker both in human and mouse muscle (Illa et al. 1992; Dubois et al. 1994) , and desmin is expressed by activated satellite cells (myoblasts) and in myotubes (Creuzet et al. 1998; Stewart et al. 2003 ) (data not shown). We observed that SPARC was expressed at both protein and mRNA levels during proliferation and differentiation of hSCs ( Figure 2) . ICC showed SPARC expression in proliferating, mononuclear cells (Figure 2A ), as well as in myotubes ( Figure 2B ). SPARC protein appeared to be located in a granular pattern around the nuclei in mononuclear cells (Figure 2A, arrows) , whereas the staining pattern appeared less confined around the nuclei with distribution in the entire cytoplasm of the myotubes (Figure 2B, arrows) . Western blot of the isolated proteins from proliferating cells confirmed that the used antibody recognized a band of ?43 kDa, corresponding to SPARC protein size ( Figure 2C) . SPARC mRNA expression level was analyzed using semiquantitative RT-PCR, and, already at low cell confluence (?50%, day 4), the hSCs were observed to express SPARC mRNA. During proliferation (days 4-7), the SPARC mRNA level remained constant. At 100% confluence (day 7), the cells were induced to differentiate by addition of insulin to the medium, and during differentiation and formation of myotubes of the hSCs, SPARC mRNA expression increased (days 9-13).
These results show that SPARC is expressed by hSCs, and the expression seems to be regulated during proliferation and fusion, thus suggesting a role for SPARC in these processes.
SPARC in Myopathies
The involvement of SPARC in muscle formation and regeneration was further studied by analyzing SPARC protein expression and localization in selected inherited and idiopathic muscle disorders.
We analyzed biopsies from DMD, which is caused by mutation(s) in the dystrophin gene (Hoffman et al. 1987) , and the milder form, BMD (Engel and Ozawa 2004) . We detected an intense expression of SPARC protein in the cytoplasm of newly formed, centronucleated myotubes in biopsies from patients with DMD ( Figure 3A, arrows) . SPARC protein was also localized in the cytoplasm of mononuclear cells located in the interstitium/connective tissue of the endomysium surrounding regenerating fibers and myotubes ( Figure 3A , black arrowheads) and in mononuclear cells adjacent to regenerating myofibers ( Figure 3A , white arrowheads). The localization in cells in close contact with myofibers correlates with SPARC expression in activated satellite cells repairing injured fibers. A less intense staining pattern was detected by fibers of a larger size with peripherally located nuclei ( Figure 3A , asterisks) compared with newly formed myotubes with intense SPARC staining, suggesting a decrease in SPARC expression as the myotubes mature during regeneration. Most of the muscle biopsies from the patients with congenital myopathy that were studied did not present SPARC protein staining in regenerating fibers or myo-tubes but only in mononuclear cells ( Figure 3B , black arrows). The congenital myopathies constitute a heterogeneous class of muscle disorders present at birth, which all display characteristic structural and histological abnormalities within the muscle (Laing 2007) . These disorders are relatively rare and slowly progressive, thus not exhibiting the severity of disorders such as DMD. Biopsies from 4-and 1-month-old patients with congenital muscular dystrophy ( Figures 3C and  3D , respectively) exhibited SPARC protein expression both in myotubes ( Figure 3C , black arrows) and in mononuclear cells ( Figure 3D , black arrowheads). Congenital muscular dystrophy is also a heterogeneous group of muscle disorders present at birth; however, they do not exhibit the presence of structural features as the congenital myopathies. Instead, these disorders are mostly caused by disruption of genes involved in interactions with the muscle and the extracellular matrix (Schessl et al. 2006 ).
The inflammatory myopathies inclusion body myositis ( Figure 3F ), which is a sporadic age-related neuro- degenerative, inflammatory muscle disease with resemblance to Alzheimers (Askanas and Engel 2007) , and the related polymyositis ( Figure 3E) , both with unknown causes, generally showed more extensive SPARC expression than the congenital myopathies and congenital muscular dystrophies. SPARC expression and localization resembled the observation from DMD and BMD patients. Specifically, in polymyositis, a very intense staining pattern of SPARC was observed in regenerating myofibers with centrally located nuclei ( Figure 3E , black arrow) and in mononuclear cells in the connective tissue endomysium ( Figure 3E , black arrowheads), some of which were in close connection with the fibers (Figure 3E , white arrowheads). SPARC expression in inclusion body myositis patients was detected in fibers ( Figure 3F, asterisks) , in mononuclear cells directly adjacent to the fibers (Figure 3F , black arrowheads), and in (polymorph)-mononuclear cells ( Figure 3F, white arrowheads) within the endomysium, showing that SPARC is expressed by different cell types within the damaged muscle.
The intensity of SPARC expression in all biopsies analyzed seems to correlate, with the severity of the disease with DMD and the inflammatory myopathies being the most severe forms, thus connecting SPARC with muscle injury and regeneration.
SPARC-positive spindle-shaped cells were seen in the endomysium of all samples as described. Similar cells were also observed in the surrounding connective tissue and in the adipose tissue (data not shown). In addition, many vessels in damaged areas were SPARC positive. These observations indicate that SPARC is involved in the regeneration of muscle in both inherited and idiopathic human muscle diseases and is expressed in a manner that depends on the severity of the lesion.
SPARC Expression in Mononuclear Cells
Both the in vitro experiments and the observation of SPARC-positive cells adjacent to and in close contact with muscle fibers in both inherited and idiopathic muscle diseases point to the existence of SPARCexpressing satellite cells. To explore this further, we performed individual and double stainings with SPARC and the satellite cell marker pax7 in both fetal (15 weeks; Figure 4A ) and dystrophic muscle (DMD; Figures 4B-4D ). Double-labeled cells were found in both types of tissue ( Figures 4A and  4B, arrows) , showing the existence of SPARC-positive myogenic cells in vivo. However, pax7-negative cells expressing SPARC were also present both adjacent to muscle fibers ( Figures 4A and 4B, arrowheads) in the interstitium and in the endothelial cells lining the blood vessels ( Figure 4B, white arrows) , indicating that several different cell populations in the myogenic environment express SPARC during myogenesis and regeneration of injured muscle.
Discussion
In this study, we showed that SPARC is highly expressed in skeletal muscle during fetal development, with the expression decreasing as muscle maturation proceeds. Figure 2 SPARC is expressed in primary derived human satellite cells (hSCs). (A) Proliferating hSCs expressed SPARC protein in a granular pattern located around the nuclei (black arrows). (A, inset) Negative control confirming the specificity of IHC staining for SPARC protein. (B) Differentiated hSCs forming myotubes still expressed SPARC protein but with a more generally cytoplasmic located distribution (black arrows). (C) Western blot on total protein extraction from confluent, proliferating hSCs. The band corresponds to a protein of ?43 kDa equal to SPARC protein size. (D) SPARC gene expression was studied in hSCs in vitro using semiquantitative RT-PCR. Cells were harvested after 4, 5, 7, 9, 10, and 13 days in culture during proliferation, differentiation, and fusion of the cells. SPARC mRNA was quantified and normalized to Gapdh mRNA and 18s rRNA expression and calculated as fold expression at day 4. SPARC mRNA expression initiated already at a low cell confluence (?50%, day 4) and remained steady during proliferation until 100% confluence (days 4-7). The expression increased during differentiation and fusion into myotubes (days 9-13). The RT-PCR experiment was performed in duplicate. (E) The use of Gapdh mRNA and 18s rRNA as reference genes has been validated using geNorm analysis, where all the tested reference genes are ranked according to their individual stability within the hSCs (Vandesompele et al. 2002) . Bar 5 20 mm.
This indicates that SPARC could be a regulatory factor in formation of fetal human muscle as reported for C. elegans (Schwarzbauer et al. 1994 ) and X. laevis (Purcell et al. 1993; Schwarzbauer and Spencer 1993) . The expression and localization of SPARC protein was age dependent, thus being downregulated in fibers during the transition from myotubes to mature muscle fibers. During regeneration of injured fibers in muscle diseases, SPARC was re-expressed in a manner similar to the expression detected during embryonic muscle develop-ment, where newly formed tubes stained extensively, whereas normal fibers were negative. Furthermore, SPARC was only detected in a few mononuclear cells in the adult, suggesting a recapitulation of the developmental expression pattern during repair. The expression pattern with repetition of fetal development during regeneration is seen for other proteins, e.g., GLUT3 (Gaster et al. 2002) and NCAM (Figarella-Branger et al. 1990; Lyons et al. 1992; Fazeli et al. 1996) . Our observation that the expression reflects the severity of damage and the significant upregulation of gene expression in dystrophies reported by others (Chen et al. 2000; Haslett et al. 2002; Noguchi et al. 2003) supports this repetition of the myogenic processes.
Besides being present in multinuclear myotubes and fibers, we found SPARC in mononuclear cells in the endomysium in both fetal and adult muscle. Chen et al. (2000) also described SPARC expression in the endomysium but did not provide details about localization. Experiments in vitro have shown that the satellite cellderived mouse myoblast line C2C12 expresses SPARC (Cho et al. 2000) . We were also able to show SPARC expression in primary isolated human satellite cells both at the mRNA and protein level. Double staining for SPARC and pax7 in muscle biopsies confirmed the existence of satellite cell-derived SPARC expressing myogenic cells in fetal and regenerating skeletal muscle, but pax7-negative/SPARC-positive mononuclear cells were observed in the endomysium as well. Thus, SPARC has several histological locations in muscle because it is observed in fibers and in satellite cells and along with vessels, adipose tissue, and fibrous tissue. This indicates a very complex and delicate temporal and spatial regulation of the SPARC milieu in the ECM in support of the developmental and regenerative processes in the muscle. The increase in SPARC expression at the start of maturation of C2C12 myoblasts (Cho et al. 2000) and in the primary isolated hSCs observed in this study during both proliferation and differentiation reflects this.
Considering the function of SPARC in muscle, it has been shown in the C2C12 (Cho et al. 2000) and the MM14 (Motamed et al. 2003 ) myoblast cell lines that SPARC promotes myoblast differentiation in tissue culture. In the MM14 myoblast experiment, a murine muscle cell line almost exclusively expressing fibroblast growth factor (FGF) receptor 1, the colony size was reduced in the presence of SPARC, and the inhibitory effect of SPARC has been shown in many other cell systems as well (Basu et al. 1999; Brekken and Sage 2000; Motamed et al. 2003) . This inhibitory action on proliferation is probably mediated by effects downstream of FGF receptor 1 (Motamed et al. 2003) and through effects on the insulin-like growth factor 1 receptor pathways (Basu et al. 1999 ). Both of these receptors and their ligands are known to be important in the propagation of resting myogenic cells to muscle fibers (Soulet et al. 1994; Martelly et al. 2000; Motamed et al. 2003; Foulstone et al. 2004) . The combined effect of inducing differentiation and inhibiting proliferation correlates with a function of SPARC in the terminal part of muscle formation and regeneration. This is also in agreement with the observation that SPARC inhibits cell migration (Sage et al. 1989b; Bradshaw et al. 2002 Bradshaw et al. ,2003b Puolakkainen et al. 2005) . However, SPARC has been suggested as a marker for invasive meningiomas (Rempel et al. 1999) and has been shown to induce migration of glioblastoma cell lines (Kunigal et al. 2006) . This effect of SPARC on mobility is also a possible explanation for its effects on myotube formation, because cells have to migrate to align and fuse to form multinucleated tubes (Horsley and Pavlath 2004) . However, a study on SPARC-null mice showed increased fibroblast invasion in subcuta- Figure 4 SPARC and pax7 colocalization in fetal skeletal and dystrophic muscle. (A) Skeletal muscle from a fetus 15 weeks of age exhibits colocalization of SPARC (red staining surrounding nuclei) and pax7 (black nuclear staining) protein in some mononuclear cells (arrows), but not all mononuclear cells expressing SPARC is positive for pax7 (arrowheads). Fibers also express SPARC protein (asterisk). (B) In DMD, some mononuclear cells (black arrows) coexpress SPARC (red staining around nuclei) and pax7 (black nuclear staining). Mononuclear cells only expressing SPARC is also observed adjacent to myofibers (arrowheads) and in endothelial cells lining a blood vessel (white arrows). SPARC-positive fibers are observed in connection with doublestained mononuclear cells (asterisk). Single stainings of pax7 (C) and SPARC (D) of DMD muscle are included as controls for the double stainings because they serve as both negative and positive controls for each of the two antibodies in the double labeling. Bar 5 50 mm. neous sponges , and the modulatory actions of SPARC on migration still remains elusive.
We detected SPARC expression not only in myotubes, regenerating fibers, and satellite cells, but also in other types of mononuclear cells. The polymorphonuclear cells observed to express SPARC in inclusion body myositis could be inflammatory cells in addition to fibroblasts within the connective tissue of the endomysium. SPARC has been suggested to modulate immune cells in a study showing that, in a SPARCdeficient environment, dendritic cell migration and Tcell priming is increased (Sangaletti et al. 2005) , and exogenous SPARC enhanced the production of matrix metalloproteases in monocytes (Shankavaram et al. 1997) . Thus, the presence of SPARC in the myogenic environment could, in addition to aiding in the repair processes, also modulate the inflammatory response, possibly by modulating the connective tissue turnover by monocytes/macrophages.
As suggested, SPARC could also be expressed by fibrotic cells in the endomysium and, because SPARC has been highly implicated in fibrotic disorders (Strandjord et al. 1999; Savani et al. 2000; Socha et al. 2007 ), a suggested role for SPARC in these cells could be to participate in the scar reaction occurring during muscle repair.
SPARC directly binds several ECM-associated components including collagens I-V, and this allows SPARC to influence both fibrous tissue and basal lamina organization. Moreover, SPARC also regulates ECM deposition (Lane and Sage 1994; . The observation in human muscular disorders that the degree of SPARC protein expression seems to reflect severity could indicate that, in the more severe forms, an increased ECM reorganization is occurring. In DMD, the dystrophin deficiency results in decreased sarcolemmal stability and myofiber degeneration followed by satellite cell mobilization and repair (Charge and Rudnicki 2004; Dhawan and Rando 2005) . Because the satellite cells have the same genetic defect, this only results in a vicious cycle of regeneration and degeneration until the satellite cell pool is exhausted (Heslop et al. 2000; Jejurikar and Kuzon 2003) during this disease progression, and the muscle tissue is eventually replaced by connective tissue and fat. However, a recent study has also suggested that the satellite cells are directly implicated in the fibrotic deposition reactions in dystrophic muscle by switching into a more pro-fibrotic phenotype. This was especially obvious from aged satellite cells (Alexakis et al. 2007 ); thus, the prominent expression of SPARC in DMD and to a lesser extent in BMD could be a reflection of the increased fibrotic and adipogenic processes. SPARC could also directly influence the fibrotic reaction by increased ECM deposition. Moreover, increased SPARC expression has been associated with adipose tissue hyperplasia and obesity (Tartare-Deckert et al. 2001; Chavey et al. 2006) , and even though SPARC-null mice were found to show increased formation of adipocytes (Delany et al. 2003) and increased size of the adipocytes (Bradshaw et al. 2003a ), a potential role for SPARC in the diseased muscle could be to modulate or even enhance the adipogenic processes.
In addition to being upregulated in diseased muscle, SPARC has also been detected in regeneration of porcine muscle after induced injury (Ferre et al. 2007 ); thus, SPARC seems to be generally involved in muscle formation both during growth and repair.
From our study, SPARC seems to have a spatial and temporal presentation as a regulatory factor in myogenesis and skeletal muscle regeneration. Because SPARC protein is localized in a variety of structures and cells, SPARC could play a multifunctional role within the myogenic environment both during growth and repair. However, the exact roles for SPARC still need further clarification.
